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Abstract

To obtain an insight into the salivary transcriptome and proteome (sialome) of the adult female mosquito Culex quinquefascia-
tus, a cDNA library was randomly sequenced, and aminoterminal information for selected proteins and peptides was obtained.
cDNA sequence clusters coding for secreted proteins were further analyzed. The transcriptome revealed messages coding for sev-
eral proteins of known families previously reported in the salivary glands of other blood-feeding insects as well as immune-related
products such as C-type lectin, gambicin, and members of the prophenol oxidase cascade. Additionally, several transcripts coding
for low-complexity proteins were found, some clearly coding for mucins. Many novel transcripts were found, including a novel
endonuclease previously described in crabs and shrimps but not in insects; a hyaluronidase, not described before in mosquito sali-
vary glands but found in venom glands and in salivary glands of sand flies and black flies; several cysteine-rich peptides with
possible anticlotting function, including one similar to a previously described nematode family of anti-proteases; and a completely
novel family of cysteine- and tryptophane-rich proteins (CWRC family) for which 12 full-length sequences are described. Also
described are 14 additional novel proteins and peptides whose function and/or family affiliation are unknown. In total, 54 tran-
scripts coding for full-length proteins are described. That several of these are translated into proteins was confirmed by finding
the corresponding aminoterminal sequences in the SDS-PAGE/Edman degradation experiments. Electronic versions of all tables
and sequences can be found at http://www.ncbi.nlm.nih.gov/projects/Mosquito/C_quinquefasciatus_sialome.
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1. Introduction of West Nile virus (Dohm et al., 2002; Turell et al.,
2001).

Adult female mosquitoes inject several salivary anti-
hemostatic substances into the host skin before taking

a blood meal (Ribeiro and Francischetti, 2003).

Culex pipiens quinquefasciatus is a cosmopolitan
mosquito species found in both tropical hemispheres. It
breeds in great numbers in organically polluted water,

being a major nuisance and producing allergic reac-
tions. C. quinquefasciatus is also an efficient vector of
Bancroftian filariasis and arboviral diseases (Horsfall,
1955). It is closely related to the subtropical species
C. pipiens pipiens, which is a relatively efficient vector
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Although C. quinquefasciatus has comparatively fewer
antihemostatic activities than other anthropophilic
mosquitoes (Ribeiro, 2000), it does contain (i) salivary
apyrase activity (Ribeiro, 2000) that counteracts the
platelet-aggregating effect of ADP released by damaged
cells and activated platelets, (ii) as yet uncharacterized
anticlotting factor(s) (Ribeiro, 2000), and (iii) abundant
platelet-activating factor (PAF) hydrolyzing activity
(Ribeiro and Francischetti, 2001). C. quinquefasciatus
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also has salivary proteins of the D7 family, an ubiqui-
tous family of proteins found in blood-sucking mos-
quitoes and sand flies (Valenzuela et al., 2002a). D7
family proteins found in blood-sucking Nematocera
belong to the superfamily of odorant-binding proteins
(OBP) (Hekmat-Scafe et al., 2000). Except for hama-
darin, one of several salivary D7 proteins found in the
Anopheles stephensi mosquito, which has anticlotting
and antikinin activity by inhibiting Factor XII (Isawa
et al., 2002), the function of D7 proteins remain
obscure. Mosquito saliva also functions in sugar feed-
ing, where maltases and amylases have been described
in other species (James et al., 1989). Perhaps associated
with protection of the sugar meal from contaminating
microorganisms, mosquito saliva may also have an
immune function where lysozyme (Moreira-Ferro et al.,
1998; Rossignol and Lueders, 1986) and other immune
proteins have been found (Dimopoulos et al., 1998;
Francischetti et al., 2002b; Valenzuela et al., 2002b).
The salivary cocktail of C. quinquefasciatus remains
largely unknown.

To gain insight into the complexity of the salivary
transcriptome of C. quinquefasciatus and to identify
molecules with possible function in the process of sugar
and blood feeding, we have randomly sequenced a sali-
vary gland ¢cDNA library from adult female mos-
quitoes. After clustering the resulting database, we
identified transcripts possibly associated with blood
and sugar feeding and herein report 54 novel full-
length sequences of putative salivary proteins and pep-
tides. The possible roles of some of these proteins are
discussed, although most have unknown function.

2. Materials and methods
2.1. Mosquitoes

Adult female C. quinquefasciatus, Vero Beach strain,
were dissected at day 0 and day 1 post emergence to
remove the salivary glands, which were then used to
make a PCR-based cDNA library using the Micro-
FastTrack mRNA isolation kit (Invitrogen, Carlsbad,
CA) and the SMART® cDNA library construction kit
(BD Biosciences-Clontech, Palo Alto, CA) exactly as
described previously (Francischetti et al., 2002b).
Eighty pairs of salivary glands were used for the
library.

2.2. SDS-PAGE

Sodium dodecylsulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) of 20 pairs of homogenized sali-
vary glands of C. quinquefasciatus adult females was
done using 1-mm thickness NU-PAGE 4-12% gels run
with MES buffer, or 12% gels (which better discrimi-

nate at a lower molecular weight range) run with
MOPS buffer (Invitrogen), according to the manu-
facturer’s instructions. To estimate the molecular
weight of the samples, SeeBlue® markers from Invitro-
gen (myosin, BSA, glutamic dehydrogenase, alcohol
dehydrogenase, carbonic anhydrase, myoglobin, lyso-
zyme, aprotinin, and insulin, chain B) were used. Sali-
vary gland homogenates were treated with NU-PAGE
LDS sample buffer (Invitrogen) with (4-12% gel) or
without (12% gel) reducing reagent. The combination
of these two gel types, buffer mixtures, and reducing
conditions increased the probability of individualizing
protein bands. Twenty pairs of homogenized salivary
glands per lane (approximately 20 pg protein) were
applied when visualization of the protein bands stained
with Coomassie blue was required. For aminoterminal
sequencing of the salivary proteins, 20 homogenized
pairs of glands were electrophoresed and transferred to
a polyvinylidene difluoride (PVDF) membrane using
10 mM CAPS, pH 11.0, 10% methanol as the transfer
buffer on a blot-module for the XCell II Mini-Cell
(Invitrogen). The membrane was stained with Coo-
massic blue in the absence of acetic acid (acetic acid
can acetilate amino groups and render the protein
blocked for the Edman degradation reaction). Stained
bands were cut from the PVDF membrane and sub-
jected to Edman degradation using a Procise sequencer
(Perkin—Elmer Corp., Foster City, CA). To find the
cDNA sequences corresponding to the amino acid
sequence—obtained by Edman degradation of the pro-
teins transferred to PVDF membranes from PAGE
gels—we wrote a search program (in Visual Basic) that
checked these amino acid sequences against the three
possible protein translations of each ¢cDNA sequence
obtained in the mass sequencing project. This program
takes in account multiple amino acids eventually found
in a single Edman degradation cycle and thus can
identify more than one protein per Edman experiment.
For details, see Valenzuela et al. (2002b).

2.3. Bioinformatic analysis

Treatment of the cDNA sequence data was as in
(Francischetti et al., 2002b) and in (Valenzuela et al.,
2002b), except that clustering of the cDNA sequences
was accomplished using the CAP program (Huang,
1992). Accession numbers for the National Center for
Biology Information (NCBI) databases are given, as
recommended by NCBI, as gi|XXXX, where XXXX is
the accession number. BLAST searches were done
locally from executables obtained at the NCBI FTP
site (ftp://ftp.ncbi.nih.gov/blast/executables/) (Altschul
et al., 1997). Prediction of signal peptides indicating
secretion was made through the SignalP server (Nielsen
et al., 1997). Prediction of O-glycosylation sites was
made through the NetoGly server (Hansen et al.,
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1998). Sequence alignments and phylogenetic tree
analysis used the ClustalW package (Thompson et al.,
1997). Phylogenetic trees were constructed by the
neighbor-joining method (Saitou and Nei, 1987). Boot-
strapping of phylogenetic trees, corrected for multiple
substitutions and excluding positions with gaps, was
done with the Clustal package for 1000 trials. Phylo-
genetic trees were formatted with TreeView (Page,
1996) using the ClustalW output. Hidden Markov
Models (HMM) of protein alignments and the search
of these models against protein databases was done
with the HMMER? software package found at http://
hmmer.wustl.edu/ (Bateman et al., 2000). The elec-
tronic version of the complete tables (Microsoft Excel
format) with hyperlinks to web-based databases and
to BLAST results are available at http://www.ncbi.
nlm.nih.gov/projects/Mosquito/C_quinquefasciatus_
sialome.

3. Results
3.1. SDS-PAGE electrophoreses

Using different acrylamide concentrations, two gels
were used to separate homogenates of adult female C.
quinquefasciatus salivary glands (Fig. 1). These were
transferred to a PVDF membrane, stained, and the
bands cut according to the numbering in Fig. 1 to
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Fig. 1. Sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) separation of C. quinquefasciatus salivary gland pro-
teins. Twenty pairs of homogenized salivary glands were previously
incubated with SDS sample buffer (A) or in buffer with reducing
reagent (B) before applying to a 12% gel; electrophoresis was run
with Bis—Tris-MOPS (A) or to a 4-12% gel run in Bis-Tris-MES
buffer (B). The gel was transferred to a PVDF membrane, the bands
cut and submitted to Edman degradation. The CQ# and CNP# indi-
cates the gel bands yielding results matching transcriptome data, as
indicated in Tables 1 and 2. The numbers on the sides of the gel rep-
resent the retention position of molecular weight markers.

obtain Edman degradation information. The results of
the observed amino acid sequences will be described
below in the context of the transcriptome analysis.

3.2. Transcriptome analysis

Following DNA sequencing of 503 clones of a
cDNA library constructed from the salivary glands of
adult female C. quinquefasciatus mosquitoes, these were
grouped into 281 clusters and arbitrarily divided into
three groups following analysis of the data: cDNA
clusters probably related to secretory products (S);
those probably related to housekeeping products (H);
and those of unknown (U) function (Supplemental
material). The S group contained 103 clusters and a
total of 284 sequences, while the H group had 103 clus-
ters and 132 sequences, and the U group had 75 clus-
ters and 87 sequences. Accordingly, the majority of the
individual cDNA clones were attributed to putative
secretory products.

3.2.1. Housekeeping gene products expressed
in the salivary glands of C. quinquefasciatus

Among the clusters of the H group are several repre-
senting energy metabolism enzymes such as cyto-
chrome ¢ oxidase subunits and ATP synthase, proteins
involved in protein synthesis and protein modification,
such as ribosomal proteins, initiation factors, and gly-
cosyl transferases that might be involved in salivary
protein glycosylation. Several transcription factors
were also identified. Proteins associated with secretory
processes, such as Golgi 4-transmembrane spanning
protein, the p24 protein involved in membrane traffick-
ing, calnexin, and the endoplasmic reticulum chaperone
SIL1 were found. A ¢cDNA coding for the vacuolar
ATP synthase 16 kDa proteolipid subunit was also
found. In addition, cDNA clusters coding for proteins
with probable function in signal transduction were
found, such as those coding for the enzyme sphingo-
myelin phosphodiesterase precursor, protein kinase and
protein kinase inhibitors. A cluster coding for the cir-
cadian rhythm protein period was also identified.
Included in the housekeeping group is a cluster of
cDNA sequences coding for the previously described
adenosine deaminase (ADA) from C. quinquefasciatus,
for which no evidence of secretion in saliva was found
despite a clear signal peptide indicative of secretion,
whereas the salivary ADA of Aedes aegypti and Lutzo-
myia longipalpis gave prior evidence of being secreted
enzymes (Charlab et al., 2000; Ribeiro et al., 2001).
The Edman degradation sequence AKLISRLD was
found in band CNP-4 of gel 2 (Fig. 1), a gel location
consistent with the predicted molecular weight of the
enzyme. Further, the observed aminoterminal sequence
matches Culex ADA at position 18, where the signal
peptide should have been cleaved. Other cDNA clusters
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coding for proteins conserved in both Drosophila and
Anopheles were included in the probable housekeeping
category; although their function is unknown; their
conserved sequence in Diptera suggests a conserved
housekeeping function. The complete hyperlinked table
for the H group, including additional products not
mentioned in this paragraph, can be found electro-
nically as indicated in the Materials and methods sec-
tion.

3.2.2. Gene products probably associated with secretory
proteins expressed in the salivary glands of Culex
quinquefasciatus. D7 and other odorant-binding protein
families

A novel protein named D7 was first reported in Ae.
aegypti salivary glands (James et al., 1991). Similar
proteins were later shown to occur in salivary glands of
other mosquitoes and in sand flies (Arca et al., 1999;
Valenzuela et al., 2002a). These proteins occur in two
forms, described as long and short (Valenzuela et al.,
2002a), and were classified as distant members of the
odorant-binding superfamily of proteins (Hekmat-
Scafe et al., 2000). Analysis of the sialotranscriptome
of C. quinquefasciatus detected 11 cDNA clusters pro-
ducing protein translations similar to members of the
D7 family, and three additional clusters indicating
translated proteins with weak similarity to one An.
gambiae protein annotated as OBP (Table 1). Five of
the clusters coding for D7-related proteins appear to be
novel, while the remaining are either alleles, splice var-
iants, or identical to other Culex D7 proteins pre-
viously described (Valenzuela et al., 2002a). Edman
degradation of protein bands from SDS-PAGE trans-
ferred to PVDF matched two of these D7 proteins, as
indicated in Table 1. One such match is to the pre-
viously reported long-form D7clul2 salivary protein
(g1]16225986), while the other refers to a novel D7 pro-
tein sequence. Presently we report three full-length D7
protein sequences (Table 2), one of the long family,
and two of the short family, all containing signal pep-
tides indicative of secretion.

Clustal analysis of the long D7 protein CQ_LD7_3
(Table 2) with other anopheline and culicine long D7
proteins indicate a unique insert of 20 amino acid (aa)
residues after the 7th conserved cysteines (Fig. 2A).
This insert is flanked by Gly and Pro residues, which
are often associated with beginning and end of protein
loops. CQ_LD7_3 is 73% and 32% identical to the pre-
viously reported C. quinquefasciatus proteins D7clul2
and D7clul, respectively (Valenzuela et al., 2002a). The
bootstrapped phylogram indicates the presence of at
least three robust clades (Fig. 2B). Notice that clade 11
contains both Aedes and Anopheles sequences, which
are further separated into sub-clades, of which the ano-
pheline group is unique for containing 8 instead of the

usual 10 conserve cysteines of the long D7 family
(Valenzuela et al., 2002a).

The two novel short D7 proteins are similar to the
previously reported C. quinquefasciatus D7_clu32, and
to the short D7 3 protein of Ae. aegypti. These four
proteins are unique in having a shorter aa stretch
between the 5th and 6th conserved Cys residue
(Fig. 3A). The bootstrapped phylogram (Fig. 3B) indi-
cates that Culex and Aedes short D7 proteins consti-
tute a robust clade distinct from the anophelines, which
do not group robustly, as indicated by their relatively
small bootstrap values.

While one of the An. stephensi D7 proteins (named
hamadarin) acts as an anticoagulant (Isawa et al.,
2002), it is not known whether other D7 proteins func-
tion in a similar way. In parallel to the expansion of
the D7 proteins in salivary glands of blood-feeding
Diptera, the Hemiptera Rhodnius prolixus achieved a
large expansion of the lipocalin family. Lipocalins, like
OBPs, are specialized to bind small molecules. In
Rhodnius, the salivary lipocalins perform various func-
tions, from transporting nitric oxide to binding nucleo-
tides and amines, and inhibiting blood clotting, a
function unrelated to the binding of small molecules
(Andersen et al., 2003; Francischetti et al., 2002a;
Ribeiro et al., 1995). It is possible that, in analogy to
the bug’s lipocalins, the various D7 proteins in Diptera
have evolved to acquire different functions.

Three clusters of the databases matched an An. gam-
biae protein annotated as odorant-binding G.21F.a
(Table 1). Two full length sequences were obtained,
coding for proteins containing a distinct signal peptide
and predicted mature molecular weights of 13.4 and
14.6 kDa (Table 2). The alignment with An. gambiae
G.21F.a indicates that the two Culex proteins are simi-
lar (26% and 30% identical) to the carboxyterminal
region of the anopheline molecule, where six conserved
cysteines are found, together with other conserved resi-
dues (Fig. 4). The function of these OBP-like proteins
in Culex salivary glands is unknown.

3.2.3. Proteins of the antigen-5 family

Three cDNA clusters from the salivary gland library
of C. quinquefasciatus code for proteins having simi-
larity to proteins annotated as members of the antigen-
5 family (Table 1), which are proteins found in the
venom of vespids (King and Spangfort, 2000) and in
the salivary glands of many blood sucking insects
(Francischetti et al., 2002b; Li et al., 2001; Valenzuela
et al., 2002b). These proteins belong to the larger fam-
ily of cysteine-rich extracellular proteins (CRISP) ubi-
quitously found in animals and plants (Schreiber et al.,
1997), with largely unknown function, except for one
Conus protein that was recently shown to have proteo-
lytic activity (Milne et al., 2003). The three cDNA clus-
ters contain 15 ESTs, indicating that these messages
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Fig. 2. Comparison of CQ_LD7_3, a novel long D7 protein from
Culex quinquefasciatus, with other long D7 proteins from mosquitoes.
(A) Clustal alignment of CQ_LD7_3 with CQ_D7clul2 (gi|16225986),
CQ_D7clul (gi|16225983), AR_D7 (gi|16225958), AE_D7Bclul
(21]16225992), AS_D7clu2 (gi|16225974), and AE_D7 (gi|159559). CQ
stands for C. quinquefasciatus, AR for Anopheles arabiensis, AS for
An. stephensi and AE for Aedes aegypti. Cysteines are shown in
reverse background and are numbered. Conserved residues are shown
in gray background. The aminoterminal region of the proteins con-
taining the signal peptide is not shown. The symbol (%) under the
alignments indicates amino acid identity between the sequences,
whereas the symbol () indicates conserved amino acid substitution,
and the (.) indicates partially conserved residue. (B) Unrooted phylo-
gram indicating the three clades of sequences. The numbers at the
nodes are the bootstrap values for 1000 trials. The bar under 0.1 indi-
cates 10% amino acid divergence distance.

are abundantly transcribed or stable. In support of the
abundant translation of one or more of these messages
was the finding of the aminoterminal sequence
ADYXSDEFQKI (where X represents lack of signal or
lack of AA match in a complex sequence having one or
more AA per Edman degradation cycle) in the gel
band CNPS8 (Fig. 1), which matches both contigs 109
and 226 (Table 1).

(A)

1 2 3
AS_DT S TIKFFESKMA ASLKKKIBOQURQYKLFETT DMYSHT KAVDFVE KDGTGDYHKLYELLNNTEKHR KHDT
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Fig. 3. Comparison of CQ_SD7_3 and CQ_SD7_4, two novel short
D7 proteins from Culex quinquefasciatus, with other short D7 pro-
teins from mosquitoes. (A) Clustal alignment with AS_D7-5
(gi|29501378), AS_D7-4 (gi|29501376), AA_D7Cclu23 (gi|16225995),
CQ_D7clu32 (gi|16225989), AS_D7clu5 (gil16225980), AS_D7clu4

(gil16225977),AS_D7s  (gi|16225971), AR_D7r3  (gi]16225968),
AR_D7r2  (gil16225965), AR_D7rl (gill6225961), AG_D7r3
(2il4538891), AG_D7r2 (gil4538889), AG_D7rl (gil4538887),

AG_D7r4 (gi|17016228) and AG_D7r5 (gi|18378603). AG refers to
Anopheles gambiae. The aminoterminal region of the proteins, con-
taining the signal peptide is not shown. (B) Phylogram of the result-
ing alignment indicating the robust clade of the culicine short D7
proteins. See legend of Fig. 1A for other details.

Two clones coding for products with similarity to
antigen-5 proteins were fully sequenced, producing the
predicted protein sequences CQ_SAGS5_1 and
CQ_SAGS5_2 (Table 2). The alignments with other
Dipteran salivary antigen-5 family members, and with
the salivary allergen 2 of the cat flea Ctenocephalides
felis are shown in Fig. 5. Note that most Diptera have
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SEm mesbompmimeesf@vanegmen  shows richotomy with clades containing different spe-
ROGRIETRL O O O EA TN D XS Ve O VAR R ERVE IR cies, indicative of ancient origin of these gene duplica-
HE, s tions (Fig. SB). Notice that all mosquito sequences
AGG.21F.a  ~--AQYGEGHCEKEFKTHAVEITRHRELAYGSEERRATHLLY lacking the 9/11 cysteine residues, except for one single

R sequence containing them, cluster within one clade
Fig. 4. Comparison of CQ_SOBPI1 and CQ_OBP2 with the Anoph- (shown as III in Fig. 5B). Another clade (II) contains
eles gambiae protein G.21F.a (gi|27414083). See legend of Fig. 1A for the higher Diptera, the flea and two culicine sequences,

other details. and the remaining sequences of mosquito and Lutzo-

myia sand fly (Fig. 5B), all having the 9/11 Cys resi-

12 conserved cysteine residues (Fig. 5A), while the flea dues, are clustered into clade 1.
has eight. The flea sequence is also uniquely recogniz-
able for containing the sequence His-Tyr-Thr rather 3.2.4. Enzymes with sugar digestion function

Several clusters of transcripts gave similarity to
enzymes associated to sugar meal digestion, including
an abundant cluster with 13 transcripts coding for a
protein very similar to the salivary putative maltase
precursor of A. aegypti (James et al., 1989), and other

than the dipteran consensus His—Phe-Thr before Cys 7.
The two higher Diptera (Glossina and Stomoxys)
sequences are uniquely characterized by not having the
9th and 11th conserved cysteine, but rather having two

other cysteine sets (Fig. 5A). A subgroup of mosquito clusters coding for a protein similar to the previously
proteins from both Aedes and Anopheles lack the 9th described salivary amylase precursor of Ae. aegypti
and 11th conserved cysteine residues. The phylogram (Grossman et al., 1997, Grossman and James, 1993)
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Fig. 5. Comparison of CQ_SAGS5_1 and CQ_SAG5_2, 2 novel members of the antigen- 5 family of proteins, with other salivary proteins of
blood-sucking Diptera and fleas. The NCBI accession number for the proteins is found following the gi| indicator. AE = Aedes aegypti,
AS = Anopheles stephensi, AD = Anopheles darlingi, AG = Anopheles gambiae, SC = Stomoxys calcitrans, GM = Glossina morsitans, CF =
Ctenocephalides felix. (A) Clustal alignment of the sequences. (B) Unrooted phylogram. For other details, see legend of Fig. 2.
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(Table 1). Some of these clusters coding for maltase
and amylase-like proteins appear to be truncated and
may represent the same gene product. Maltase, but not
amylase, gene products have also been described in
salivary transcriptomes of anopheline mosquitoes
(Francischetti et al., 2002b; Valenzuela et al., 2003),
while amylase-coding transcripts and enzyme activity
have been described in adult female Lutzomyia salivary
glands (Charlab et al., 1999; Ribeiro et al., 1999).

In addition to maltase and amylase enzymes, two
clusters, each with one transcript, were found to code
for putative proteins with similarity to viral, microbial,
protozoan, and plant, but only distantly to metazoan,
endochitinases. It is possible that these endochitinases
transcripts derive from a Culex parasite symbiont
genome.

3.2.5. Enzymes possibly associated with blood feeding
Several transcripts in the salivary cDNA library code
for enzymes that may play a role in the blood meal of
C. quinquefasciatus: The singleton sequence of cluster
21 codes for a product with similarity to proteins anno-
tated as apyrase and 5 nucleotidases, including An.
gambiae and Ae. aegypti apyrases and the chrysoptin
precursor, an anti-platelet salivary protein of a
Chrysops spp. tabanid fly (Reddy et al., 2000), which
was reported as a novel anti-platelet protein but has
substantial similarities to 5'-nucleotidases and apyrases.
Mosquito salivary apyrases are members of the ubiqui-
tous 5-nucleotidase family that evolved to display
hydrolytic activity to di- and tri- instead of mono-
nucleotides (Champagne et al., 1995; Smartt et al.,
1995). While most 5-nucleotidases are extracellular
membrane-bound enzymes by virtue of a glycoinositol
anchor that esterifies to a carboxyterminally conserved
serine residue, these salivary apyrases have become
secreted enzymes by losing the motif leading to the
attachment of the lipidic anchor (Champagne et al.,
1995). The full-length sequence of Culex apyrase was
obtained (Table 2), displaying 39-41% identity with
An. gambiae, Ae. aegypti apyrases, and Chrysoptin
(Table 2, electronic version). Culex apyrase lacks the
conserved serine surrounded by aromatic or aliphatic
amino acids in its carboxyterminal region (the site of
esterification of inositol phospholipid membrane

Mouse gi|539794
Rat gi|11024643
HS gi|23897

Bos gi|27806507
Ray gi|103717
DROME gi|17862758
CQ_SAPY
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anchors) when compared to the equivalent region of
membrane bound ecto-5'-nucleotidases of vertebrate
and invertebrate origins (Fig. 6). The lack of an anchor
site indicates that this enzyme, which contains a signal
peptide, is secreted and not held to the cellular mem-
brane as an ecto-enzyme. Although C. quinquefasciatus
has low salivary apyrase activity when compared with
other mosquitoes, the activity is clearly present
(Ribeiro, 2000), and may help to prevent platelet
aggregation by ADP released from injured cells and
platelets during the probing phase of the blood meal. It
is possible that the reported Culex salivary apyrase
activity (Ribeiro, 2000) derives from this gene product.

One transcript from the C. quinquefasciatus tran-
scriptome coded for a protein with similarity to An.
gambiae and Drosophila melanogaster proteins of
unknown function, and also with Aedes putative sali-
vary purine hydrolase, an enzyme converting inosine
into hypoxanthine plus ribose (Table 1). The transcript
for such enzyme was previously found in Aedes
sialotranscriptomes (Ribeiro and Valenzuela, 2003;
Valenzuela et al., 2002b), and later, the enzymatic
activity was found in Ae. aegypti salivary glands, the
richest known source of this enzyme (Ribeiro and
Valenzuela, 2003). It was proposed that this enzyme
confers selective advantage to the mosquito by destroy-
ing purines that may lead to mast cell degranulation
during the feeding process. Interestingly, in the same
work, this enzyme activity was not found in the sali-
vary gland homogenates of Culex or Anopheles. It may
be possible that the Culex gene product, which is only
38% identical to the Aedes enzyme, has different
nucleotide specificity.

Also associated with nucleotide hydrolysis is one
relatively abundant cluster (with six ESTs) coding for
enzymes annotated as endonucleases (Table 1), and
also giving similarity to two tsetse salivary proteins
named Tsall and Tsal2 (Li et al., 2001), of unknown
function. The full-length clone of the Culex protein
(CQ_SENDONUC; Table 2) has the NUC Smart
motif, indicative of DNA/RNA non-specific endonu-
cleases and phosphodiesterases (Table 2), and matches
shrimp and crab endonucleases as well (Shagin et al.,
2002; Wang et al., 2000). These arthropod enzymes
have activity similar to vertebrate pancreatic DNAse I;

SAVIFVLY(Q- -
AVILVLY(Q--
WAVIFVLYQ- -

VIIILYQ--

s W kk .

Fig. 6. Lack of inositol phosphate anchoring domain in Culex quinquefasciatus putative salivary apyrase (CQ_SAPY). Alignment of the carbox-
yterminal region of C. quinquefasciatus salivary putative apyrase with 5'-nucleotidases from rat, mouse, human (HS), bovine (Bos), electric ray,
and Drosophila melanogaster (DROME). The conserved serine where the inositol phosphate esterifies is marked in black background. Hydro-
phobic and aromatic amino acids are marked in gray background. For other details, see legend of Fig. 2A.
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however, they belong to a distinct protein family,
despite sharing similarities near the active site (Shagin
et al., 2002). This protein family, or any other endonu-
cleases, was not previously identified in mosquitoes or
sand fly salivary glands. Alignment of the arthropod
proteins shows the presence of 10 conserved cysteines
residues, of which Culex does not have the 10th, but
has four additional Cys residues (Fig. 7). The shrimp
enzyme, for which more detailed structural studies have
been done (Shagin et al., 2002), has an extra Cys that
appears to be linked to an unknown ~500 Da residue.
The putative active center of the shrimp enzyme has
been deduced from conserved amino acid residues

SHR_gi|5881881
CRAB_gi|26892281
TSALLl_gi|8927464
TSAL2_gi |8927466
CQ_SENDONUC

2

SHR_gi|5881881 EARVVRVSAGAKLTL.

CRAB_gi|26892281 GKRIVSVPSGSSLTL.
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found by aligning the active sites of different DNAses
(Shagin et al., 2002). Most of these conserved residues
(marked in blue in Fig. 7) are present in the Culex
enzyme, as follows: The KGH triad on the shrimp
enzyme (marked A in Fig. 7) is actually represented as
RGH in the mosquito enzyme. This RGH triad was
found in most DNAses used in the Shagin et al. (2002)
alignments, and thus represents a conserved element.
Except for the last conserved Arg residue (under the F
mark in Fig. 7) all other six regions are conserved in
the mosquito sequence. A Lys exists in the mosquito
sequence within one residue of distance of the missing
Arg. The mosquito putative enzyme thus has eight of

1
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Fig. 7. Alignment of Culex quinquefasciatus putative salivary endonuclease with shrimp (SHR) and crab endonucleases, and two salivary pro-
teins of the tsetse Glossina morsitans (Tsall and Tsal2). The 10 conserved cysteines are shown in reversed background and are numbered. Amino
acids composing the active center are shown in blue background and are marked by letters above the alignments. Other identically conserved resi-
dues are shown in gray background. The signal peptide is shown in gray background in the aminoterminal region of the protein sequences.
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the nine conserved active site amino acid residues found
in this arthropod family of DNAses. The tsetse putative
active site residues are less conserved, displaying five
(Tsal2) or six (Tsall) conserved residues out of nine. It
is highly suggestive that CQ_SENDONUC, which has
a clear signal peptide indicative of secretion, codes for a
secreted endonuclease or a phosphodiesterase.

Three cDNA clusters code for proteins with simi-
larity to esterases, phospholipases and lipases (Table 1),
one of which was fully sequenced (Table 2). CQ_SLIP
(Table 2) codes for a salivary lipase containing a signal
peptide indicative of secretion sharing 39% identity to
an An. gambiae putative protein, and other proteins
annotated as lipase or phospholipases. CQ_SLIP has a
Pfam lipase motif suggesting a triglyceride lipase
activity. The role of these lipid-hydrolyzing enzymes in
blood feeding is unknown, but could be responsible for
the reported salivary PAF-hydrolase activity from
Culex (Shagin et al., 2002) or, speculatively, with for-
mation of the vasodilatory and anesthetic cannabinoids
2-arachidonoylglycerol or arachidonoylethanolamide
(Howlett, 2002).

Hyaluronidase, an enzyme common in arthropod
venom where it serves to spread the poison into the
target tissues, has been previously reported in the sali-
vary glands of sand flies, black flies, and ticks (Cerna
et al., 2002; Charlab et al., 1999; Neitz et al., 1978;
Ribeiro et al., 2000), but not in mosquitoes. Interest-
ingly, one cDNA sequence from the Culex sialotran-
scriptome codes for a protein with similarity to the
honeybee venom hyaluronidase (Table 1). Full-length
sequence of this clone (Table 2) indicates a protein
containing a signal peptide indicative of secretion and
having 46% identity to an An. gambiae putative pro-
tein, and 45% identity to bee venom hyaluronidase. It
is possible that Culex, similar to sand flies, has co-
opted this enzyme into its salivary armamentarium, to
help the spread of antihemostatic agents in the host
skin during probing and blood feeding.

3.2.6. Putative protease inhibitors

Six clusters of cDNA transcripts representing nine
sequences, code for putative protease inhibitors of dif-
ferent families (Table 1). Two are similar to the puta-
tive salivary serpin of Ae. aegypti (Valenzuela et al.,
2002b), one of which appears to be a truncated clone.

(A)

557

The four remaining clones code for Cys-rich peptides
with a Pfam TIL domain indicative of a trypsin inhibi-
tor-like cysteine-rich domain. Three of these clones
were fully sequenced, indicating they code for Cys-rich
peptides, all containing a signal peptide indicative of
secretion. CQ_SFIB gives similarity to fibroin and to
the human major epididymis-specific protein E4 pre-
cursor, which is an endopeptidase inhibitor. Align-
ments of matching peptides of similar size from
Drosophila, An. gambiae, human, and pig origins indi-
cate a number of conserved cysteines and other resi-
dues (Fig. 8). The mammalian peptides are clearly
distinguished by having additional Cys residues. An
HMM was created from the alignment shown in Fig. 8
and used to search the NR protein database. This
resulted in 68 sequences with a statistical significance to
the HMM, from which 26 have an E value smaller
than 1E—6. Fourteen of these proteins are annotated
as having WAP (whey acidic protein), four-disulfide
core domain, and include epididymal secretory proteins
of several mammals. This signature, consisting of two
domains, has been proposed to be associated with pro-
tease inhibitors and growth factors (Ranganathan et al.,
1999). Domain 1 of WAP is similar to the region
marked as A in Fig. §, but domain 2 of WAP is only
partially similar to the B region shown in Fig. 8. We
conclude that this protein family belongs to a subset of
the WAP family of proteins.

CQ_SPI_1 putative translation product, which has a
signal peptide indicative of secretion, matches a trypsin
inhibitor-like family member of the worm Caenorhabdi-
tis elegans (Table 2), and has a distinct cluster of amino
acids matching an anticlotting peptide of the worm
Ancylostoma caninum (Stanssens et al., 1996) (Fig. 9).
These worm anticlotting peptides have 10 Cys residues
(Stanssens et al., 1996), eight of which are conserved
with CQ_SPI_1 (Fig. 9). Interestingly, no similarities to
CQ_SPI-_1 were found with other known mosquito
salivary proteins. This is not due to its rarity, at least
in the Culex transcriptome, because two clones in the
cDNA library coded for CQ_SP_1 (Table 1).

CQ_SPI_2 codes for a putative secreted Cys-rich
protein having similarities to other peptides from para-
sitic worms (gi|23451019), from a putative salivary pro-
tein from A. stephensi (gi|27372905) (Valenzuela et al.,
2003), and from bee hemolymph (Bania et al., 1999)
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Alignment of the salivary cysteine-rich peptide similar to fibroin (CQ_SFIB) with similar peptides from Anopheles gambiae (ANOGA),
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Drosophila melanogaster (DROME), pig, and human (HS) origins. Conserved cysteines are marked in black background; other identically con-
served residues are marked in blue background, while functionally conserved residues are in gray background. Region A is similar to domain 1 of
WAP (whey acidic protein) four-disulfide core domain and region B. Region marked B is similar to domain 2 of WAP.
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Fig. 9. Alignment of the Culex quinquefasciatus putative salivary protease inhibitor CQ_SPI_1 with the anticoagulant protein C2 precursor from
Ancylostoma caninum. Conserved cysteines are marked in black background; other identically conserved residues are marked in blue background,
while functionally conserved residues are in gray background. The bar indicates the region of greater conservation between these two peptides.

annotated as serine protease inhibitors (Table 2). The
alignments do not show remarkable conservation
beyond 10 common Cys residues, and a few other resi-
dues (Fig. 10). The role of these Cys-rich peptides as
protease inhibitors, and their specificity, can only be
speculated upon.

3.2.7. Immunity-related proteins

Lysozyme activity has been previously described in
the salivary glands of both adult male and female mos-
quitoes, where it may play a role in preventing bac-
terial growth in sugar meals stored in the mosquito
crop (Moreira-Ferro et al.,, 1998; Pimentel and
Rossignol, 1990; Rossignol and Lueders, 1986). More
recently, other immune-related products, such as anti-
microbial peptides and lectins, have been found to be
expressed in the salivary gland of infected mosquitoes
(Dimopoulos et al., 1998), and in the sialo-
trancriptomes of mosquitoes (Valenzuela et al., 2002b,
2003). The C. quinquefasciatus sialotranscriptome pro-
duced two clones matching Culex pipiens gambicin
(Bartholomay et al., 2003), an antibacterial peptide first
characterized in An. gambiae (Vizioli et al., 2001), and
designated putative infection-responsive short peptide.
CQ_SGAMBIC, which was fully sequenced several
times, is 97% identical at the amino acid level to C.
pipiens gambicin, and 69% and 59% identical to the Ae.
aegypti and An. gambiae homologues, respectively
(Table 2, electronic version). It is interesting that when
the Ae. aegypti putative protein was described, no func-
tion for that protein could be assigned.

CQ-contig_82 (Table 1) codes for a product similar
to proteins annotated as C-type lectins, and also pro-
ducing a Pfam lectin_c match (Table 1). Full-length
sequence of this clone, named CQ_SCLEC (Table 2),
indicates similarity to several insect proteins, including
the putative salivary C-type lectin of Ae. aegypti
(Valenzuela et al., 2002b), with which it shares 30%
identity and 44% similarity at the AA level over the
154 residue length of the Aedes protein. The best match

to the An. gambiae proteome, a non-annotated protein,
produces 30% and 51% identity and similarity, respect-
ively, over the 155 residue length of the protein.
Although C-type lectins are implicated in animal
immunity reactions (Dimopoulos et al., 2000; Vasta
et al., 1999), it is also associated with anti-clotting
activity in snake venom (Koo et al., 2002; Monteiro
and Zingali, 2000), and in the salivary glands of the
sand fly Lutzomyia longipalpis (Charlab et al., 1999), in
addition to other functions (Loukas and Maizels,
2000). The high divergence of CQ_SCLEC when com-
pared with the Aedes and Anopheles sequences, which
are the probable orthologs, suggests that this lectin is
evolving at a fast pace.

The sialotranscriptome of C. quinquefasciatus also pro-
duced a match to the putative gram negative bacteria-
binding protein (GNBP) of An. gambiae (Dimopoulos
et al., 1997); however, this clone is truncated (Table 1).
GNBPs show similarities to the B-1,3 glucan-binding
region of glucanases and are likely components of the
PPO-activation cascade. This same clone produced a bet-
ter match to a putative secreted salivary protein of
Ae. aegypti, most likely the homologue of An. gambiae
GNBP. In physiologic agreement with the presence of
GNBP is the finding that CQ-contig_262 (also a trunc-
ated clone) (Table 1) codes for the carboxyterminal
region of serine proteases including An. gambiae serine
protease 14D2, a hemolymph protease that has a CLIP
domain and changes in transcript abundance in response
to bacteria injections (Gorman et al., 2000). The com-
mon finding of these immune-related transcripts associa-
ted with the salivary glands is indicative that this organ
may produce more than lysozyme to control bacterial
infections in the crop-stored sugar meals.

3.2.8. Mucins and other low-complexity proteins
Twenty-one clusters representing a total of 84 cDNA
clone sequences code for proteins of low complexity,
some of which are similar to mucins (Table 1). The
abundant cluster 115, with 17 sequences, codes for pro-

BEE gi|5902765 - - - -EESE PYEVENTRGS AR- APSAQP - - ~KT - -RIBTMOE-RIG-SURBO SR NG EEARVL PE - — - Ng- - - -
CQ_SPI_2 IPYEHSMERNANYHGEASASS T NPNPARSLHSPSIMV# - -VP-&VeKSeg1 iNHQ QPT---DEERV-
ANST gi|27372905 --NANKSEESETYQRSGTAS-ERMESNG---EEWNKP@KQPS-~VD) OESIT EIDG) RAW---RSNPNL
OD gi|23451019 -PQVRI[MEENEEYNFMGNHS - EDiN@SFT- - -R -~ -RCgT -P. KES YN S AlEKSTKDC SKEKEPPNM

Fig. 10. Alignment of CQ_SP_2, a putative salivary serine protease inhibitor from Culex quinquefasciatus, with the putative trypsin-like inhibitor
protein precursor from the worm Oesophagostomum dentatum (OD), the putative salivary secreted serine protease inhibitor from Anopheles ste-

phensi (ANST) and the bee AMCI_APIME Chymotrypsin inhibitor.
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teins with the sequence GKLPGMRGEA predicted
following the cleavage of a signal peptide for which the
sequence GKLPGMRXEA was found by Edman
degradation in the gel band CNP-9 (Table 1 and
Fig. 1). Similarly, the sequence DQRCTYLRCR-
TEFRKTGAY is coded by sequences in cluster 239
(with two sequences) after a predicted signal peptide
from which the sequence DQXXTYLRXXTEFRKT-
GAY was found by Edman degradation in bands CQ-1
and CNP-12 (Table 1 and Fig. 1), suggesting these two
clusters code for abundantly expressed proteins.

Full-length sequence information for eight different
clones coding for low complexity proteins was obtained
(Table 2). Six code for probable mucins, containing
from 5 to as many as 78 glycosylation sites as predicted
by the program NetoGly (Hansen et al., 1998). Two of
these predicted proteins are similar to previously
described salivary putative proteins of Ae. aegypti and
Ae. stephensi (CQ_SMUC6 and CQ_SMUCY7), and one
is similar to a putative An. gambiae hypothetical pro-
tein (CQ_SMUCI). CQ_SMUC?2 is extremely Ser—Thr
rich, these two amino acids constituting 45% of the
protein total residues. Two other potentially O-galacto-
sylated mucins (CQ_S56.6PTN and CQ_S30K_2) are
similar to previously described salivary proteins of Ae.
aegypti, named putative 56.5 kDa secreted protein and
30 kDa salivary gland allergen, which are proteins of
unknown function. An additional putative protein
(CQ_S30K_1), containing only one predicted O-galac-
tosylation site, is weakly similar to the Aedes 30 kDa
salivary gland allergen. The amino acid sequence
XGKLPGMRXEA obtained by Edman degradation
matches the predicted mature aminoterminal after sig-
nal peptide cleavage (Tables 1 and 2). Two other low-
complexity putative proteins of unknown function have
Gln (CQ_QQQ_1) or Gly-GIn-GIn (CQ_GQQ_1)
repeats (Table 2). These proteins may be involved in
extracellular matrix adhesion phenomena.

3.2.9. Unknown protein families

Thirty-eight clusters representing 91 sequences code
for putative secreted proteins of unknown function and
with no significant matches to known proteins, even
when the low-complexity filter of the BLAST program
is turned off (Table 1). Eight of these clusters were mat-
ched by Edman degradation products of protein bands
depicted in the Fig. 1 experiment, indicating these mes-
sages are expressed into relatively abundant proteins.
From these clusters, 27 clones were sequenced from the
starting Met to the stop codon, yielding information on
putative secreted proteins of mature molecular weights
varying from a relatively small peptide of 1.7 kDa to a
42 kDa protein.

To further characterize these novel proteins, these
protein sequences of unknown families were compared
among themselves with the program BlastP (low-com-
plexity filter off) and the proteins arbitrarily clustered
for those yielding 40% amino acid similarity over at
least 70% of the length of the larger protein pair. It
was thus found that five of these proteins constitute a
novel family containing four conserved Cys residues in
addition to other residues, including four tryptophanes,
a relatively rare amino acid (Fig. 11A). All have signal
peptide indicative of secretion, and mature molecular
weights of 15-17 kDa.

A second protein family was detected by clustering
the salivary Culex protein as indicated in the previous
paragraph. This family also contains four conserved
cysteines and three to four conserved tryptophanes
(Fig. 11B). These also code for secreted proteins with
mature molecular weight ranges of 15-17 kDa.

We found it interesting that these two novel families
have the same number of conserved cysteines, have
conserved Trp residues, and are of similar molecular
mass. Additional inspection of other protein sequences
in the unknown category of Table 2 having molecular
masses of 15-17 kDa identified two additional proteins
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Fig. 11. Two novel families (A and B) of cysteine- and tryptophane-rich putative salivary proteins from Culex quinquefasciatus.
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that are possible members of this superfamily. The
ClustalW alignment of these 10 proteins indicates a
superfamily having four conserved cysteines and three
conserved tryptophane residues (Fig. 12A). Four mem-
bers of this family have the sequence DVPG... follow-
ing cleavage of the predicted signal peptide (Marked in
gray background in Fig. 12A). Aminoterminal sequen-
ces containing DVPG. .. were found by Edman degra-
dation of protein bands from the gel experiments
shown in Fig. 1 (Tables 1 and 2) indicating that at least
some members of this protein family are abundantly
expressed in the salivary glands of Culex. The boot-
strapped phenogram (Fig. 12B) resulting from the
alignment shown in Fig. 12A, indicates that some of
these family members share clear relationships; how-
ever, overall the family has evolved, most likely by
gene duplications, beyond recognition of a common
ancestor. This indicates a very ancient origin for this

(A) CQ_MYS_10 NPWGGPG

CcQ_MYs_12

LINVYLEKP-LLSSDYSHDADRRHVTVLRTKSQ!
HEWAQPG! QFYSLNNGKR-LAALDSKHDRDRRYAGTVGGAGDYIVTKDERYADHYKIKHRDNGEELFESE-QNYHGN- -~

unique superfamily, or, alternatively, a very fast pace
of evolution.

An HMM made with the alignments in Fig. 12A was
used to search the NR database (containing 1,529,764
sequences on 10-28-2003) to which all salivary protein
sequences reported in Table 2 were also added. Signifi-
cant matches were found only to the Culex protein
reported in Fig. 12A and, additionally, CQ_MYS_14
and CQ_MYS_9. We conclude that C. quinquefasciatus
expresses a novel family of proteins in their salivary
glands. These proteins are indicated in Table 2 as
CWRC family, for cysteine-tryptophane-rich-proteins
of Culex. The function of this protein family is
unknown, but its members could be used in immu-
noassays to detect human exposure to this mosquito
genus, assuming they are antigenic. Table 2 also
reports for 14 additional full-length putative protein or
peptide sequences for which no clue to their function
or family membership is known.
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Fig. 12. The CWRC superfamily of Culex quinquefasciatus salivary proteins. (A) Alignment of 10 protein sequences rich in cysteine and trypto-
phane. (B) Unrooted phylogram based on the alignment in A. For other details, see legend to Fig. 2.
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4. Concluding remarks

The adult female C. quinquefasciatus sialotran-
scriptome, when compared with the equivalent sets of
Aedes and Anopheles mosquitoes, displays some
remarkable differences. The messages for a completely
novel family of proteins containing at least 12 members
were discovered in the present study (Table 2 and
Fig. 12). At least some members of the family are con-
firmed to be expressed, as indicated by the presence of
the predicted aminoterminal sequences in regions of the
gel coinciding with the expected size of the proteins
(Tables 1 and 2, Fig. 1). Additionally, several putative
protease inhibitors were found, including a member of
a family previously thought to be nematode-specific
(Fig. 9), and a family previously found in An. stephensi
salivary transcriptome.

From the point of view of transcripts coding for
putative secreted enzymes, the Culex sialotran-
scriptome is also remarkable in that it contains not
only apyrase (found in Anopheles and Aedes), adeno-
sine deaminase (found otherwise only in Aedes), purine
nucleosidase (previously Aedes only), but it also con-
tains an endonuclease described before only in shrimps
and crabs, and hyaluronidase, thus far found only in
the salivary glands of sand flies and black flies,
although this enzyme is a common occurrence in
venoms of vertebrate and invertebrate origins.
Although adenosine deaminase and apyrase activities
were demonstrated before in Culex salivary glands, the
presence of these other activities remains to be demon-
strated. Several lipases and esterases are also encoded,
and one of these could account for the previously
described PAF-hydrolase of Culex salivary glands.

Most of the transcripts, as in other sialotran-
scriptomes, belong to either known families of
unknown function, or are entirely of an unknown func-
tion and families. Some of these may code for the still
molecularly uncharacterized anticoagulants and vasodi-
lators of Culex quinquefasciatus. The publicly available
transcriptome of this mosquito may advance the effort
to characterize these pharmacologically interesting
molecules.
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